Availability and accuracy of building information is critical for a variety of tasks during the lifecycle of facilities. Currently Building information modelling (BIM) is mostly used for design and construction. When the as-designed BIM is not updated with the construction changes, it can contain inaccurate information. A way to collect the as-is conditions is to capture how a facility is changing over time. Vision-based data capture technologies, namely laser scanners and cameras, are being widely used. However, occluded components and the challenges associated with reverse engineering of complex construction objects can result in incomplete as-built data. This paper presents a case study, in which a laser scanner and a camera were used to capture the construction history and develop a more complete as-built BIM. A progressive approach is followed to mitigate challenges associated with cluttered construction data. Components/features occluded in any captured scans were reconsidered throughout a continuous planning and data capturing process. Other sources such as as-designed documents are supplemented to as-built data for extraction of information items required for the as-built BIM. The discussions include more ample description of the background research and the addressed problem, followed by detailed description of this study's approach. Lessons learned, findings and recommendations for future research are summarized.
INTRODUCTION
It is very common that building components are not built exactly as specified in design due to either construction errors or changes that may occur during the construction process (Tang et al. 2010) . Capturing and reflecting as-built conditions in the models of the facility are important for supporting different tasks during its lifecycle. For example, accurate and timely quality control and detection of defects during construction phase require timely as-built data. Reworks due to late detections can come out at 15% of total construction cost (Patterson and Ledbetter 1989) . The need for accurate as-built information is also crucial for tasks in further phases of the project, namely operation and maintenance (O&M). As-designed information deviating from the reality of facilities can lead to biased decisions during this phase.
Building information modelling (BIM) enables integration of building information from different disciplines, throughout the lifecycle, in a semantically rich manner (Eastman 2008) . However, currently, BIM is mainly used for design and construction purposes. Changes and deviations occurred in construction and O&M phases are rarely reflected in the as-designed BIMs causing them contain inaccurate information for lifecycle usages (Tang et al. 2010; Klein et al. 2011) .
Reality capture technologies, particularly vision-sensors, such as laser scanners (Tang et al. 2010; Klein et al. 2011 ) and cameras (e.g. Golparvar-Fard et al. 2009) , are widely used for capturing the existing conditions and development of asbuilt models. However, these approaches have two major shortcomings for development of a complete and accurate as-built model of the constructed environment. First, as-built models are usually developed based on the data captured at the end of the construction process. This will affect accuracy and completeness of the developed models since several components get covered/blocked at the end of construction, hence, cannot be captured. Second, construction domain-specific challenges associated with reverse engineering and object recognition methods, used for development of as-built BIMs from as-is data, are still unsolved. Highly cluttered sites, unexpected occlusions, and complex and unstandardized component shapes make such approaches to be associated with a number of assumptions or missing parts.
This paper presents an approach for progressive planning and capturing of the as-built data during construction process. This approach not only supports up-to-date information for as-built models, but also enhances its completeness through keeping track of occluded components as will be discussed in more detail throughout this paper. In order to illustrate the possible impacts of occlusions, and other domainspecific challenges, on the quality of generated as-built BIMs, and to explore benefits of such progressive approaches, a real case study is conducted for development of an as-built BIM through capturing construction history of a renovation project using laser scanner and camera.
BACKGROUND RESEARCH
This section provides an overview of previous studies done in utilization of reality capture technologies in generating accurate as-built information.
Reality Capture Technologies
Traditional methods for capturing as-built information (e.g. measurement tapes, theodolite) are increasingly replaced with advanced data capture technologies, such as laser scanners and digital cameras (Tang et al. 2010 , Klein et al. 2011 ). 3D laser scanners are known with their large coverage area (any object in their line of sight) rather than sparse measurements from random locations in the scene, high accuracy (i.e. millimetre position and location accuracies, and micro radian angular accuracies), and non-contact and long-range data acquisition (Tang et al. 2010) . Digital cameras are also widely used for their low cost, easily communicable/interpretable data (i.e. images), and low technical skill requirements. Several researchers have compared efficiency and accuracy of these two sensors for different objectives (e.g. Remondino et al. 2005) . A number of studies have revealed that the quality of the final results can be improved through integrated application of cameras and laser scanners, particularly for more complex and larger scenes (e.g. ElHakim et al. 2004 ). Both sensors capture relative spatial and geometric information of the sensed objects (2D in images, and 3D in laser scanners). That information can be supplemented with features like intensity, texture, and RGB values of the objects.
Developing As-built BIM
Researchers have proposed several approaches to develop as-built BIM using different data capture technologies. Automated generation of 3D models/BIMs using as-built geospatial information captured by laser scanners is a widely studied field. Tang et al. (2010) provide a comprehensive review of the current approaches for asbuilt BIM development based on laser scanned data. Adan and Huber (2011) use machine learning and pattern recognition techniques for automatic reconstruction of as-built walls. Bosche (2010) proposed an automated approach for recognition of construction objects, and extraction of as-built information from laser scanned data through their registration with 3D models. Arayici (2007) proposes a formal semiautomated approach for development of as-built BIM from laser scanned data through a case study. Klein et al. (2011) used digital camera to capture 2D picture of the interior condition of the constructed facilities and used computer vision techniques to verify the accuracy of the as-built BIM. Golparvar-Fard et al. (2009) used as-built images captured throughout the construction process for development of 3D models of the scene, and for quantification of the construction progress. Woo et al. (2010) investigated the application of data sources, such as building energy performance database management systems, and 2D drawings, along with sensors like 3D laser scanners, for development of as-built BIM.
PROBLEM STATEMENT
In most of the current approaches, the data needed for development of as-built BIM is captured at the end of the construction process. This limits the level of completeness of the as-built BIM. Since a number of constructed components are covered/occluded at the time of the completion of the construction, information about such hidden components cannot be captured.
A number of researchers such as Yue et al. (2006) and Akinci et al. (2006) have emphasized the need for progressive construction data for capturing and modelling complete as-built condition. However, occlusions, as one of the major sources of incompleteness of the captured data, are not well-addressed for construction domain applications.
CASE STUDY
The case under study is a laboratory with a total area of 32.5 square meters consisting of four interconnected rooms allocated to (1) a Cave Automatic Virtual Environment (CAVE), (2) video-conferencing, (3) computer cluster, and (4) mechanical systems. It is located in a three storey building. The renovation includes demolishing parts of the interior walls, replacing doors and windows, setting up new heating, ventilation and air-conditioning (HVAC) systems, and installing new carpet, ceiling, equipment and furniture. The laboratory was scanned and photographed during the renovation process to develop an as-built BIM for O&M.
Using As-designed Information Sources for the Development of As-built BIM
The laboratory contains several systems with more than 200 components to be maintained. Spatial information is stored in several as-designed documents, including architectural and mechanical/electrical/plumbing (MEP) drawings, and process and instrumentation diagrams (P&ID). Table 1 shows the types of the systems and components that were designed to be included in the renovated laboratory. There are three challenges associated with using the available documents to develop the as-built BIM. First, as shown in Table 1 , information of some components, such as pipe, computer and cabinet, is not given in any document. Second, there is no elevation or section drawing that shows the vertical position and dimension of the components. Third, during the construction, it was observed that the information from the available sources is not accurate, or the components are not built exactly as they are designed. Such deviations will be discussed in more detail in forthcoming sections. These challenges have motivated capturing of as-is conditions of the built environment as an accurate way for developing the as-built BIMs.
From Progressive Scan Planning to Complete As-built BIM
Generally, the process for development of as-built BIM using laser scanners is conducted through three major stages: (1) planning stage, in which the location of scans and targets are predetermined, (2) data capturing stage, which is usually done when construction is complete, and (3) data processing stage, in which scanned data are converted to 3D components through reverse engineering approaches (e.g, Akinci et al. 2006 , Arayici 2007 , Tang et al. 2010 .
In this study, however, we explore progressive planning and data capturing approach for developing complete as-built BIMs. Although the general principals of each stage in previous approaches remain intact, the process followed in this study modifies the notion of one-time planning and data capturing while it keeps track of the occlusions and uncaptured components. Moreover, captured data are used for extraction of as-built geospatial information rather than the detection of the components themselves. The ultimate objective of this approach is to address the aforementioned completeness issues associated with current approaches. Figure 1 summarizes this study's approach. An initial list of the objects to be scanned can be extracted from the as-built BIM requirements. Information requirements of as-built BIM and construction schedule help to estimate the time-frame during which data related to the built components can be captured. Configuration of the scanning scene can be done based on the components' locations depicted in the drawings. However, particular characteristics of construction sites, such as unexpected occlusions resulted from temporary work, stored material on site, and moving objects, along with the schedule changes, necessitate site visits before finalizing the timing and the location of the scanning. Occluded and missing components should be added again to the list of the objects to be scanned. Scanning process will continue repetitively until the required components are captured completely. As the last stage, information captured from scanned data, captured images, and as-design documents is used for development of as-built BIM. List of the components modelled in as-built BIM are given in Table 1 .
The need for progressive scans is arisen even for the most exposed components such as walls. Some walls were designed to be covered by components such as panels, boards, screens and cabinets at different stages of the project. 
FINDINGS AND LESSONS LEARNED Occlusion:
The main aspect of this study is the progressive planning and data capturing approach proposed for the generation of a complete as-built BIM. The keyword "complete" addresses one of the main challenges in capturing construction site information with vision-based sensors, that is, occlusions. For example, our analyses show that almost half of the ductwork in the cluster room would not be captured due to either self-occlusion of the system or external occlusions caused by other components if only one scan was conducted at the completion of the installation process. The findings throughout this case study reveal that, in addition to the schedule of activities, occluded components in each scan should determine the timeframe and the number of scans needed from the scene. When occlusions cannot be removed during scanning, uncaptured components should be added again to the list of objects to be scanned. Therefore, new construction and future activities affecting the visibility of those components should be reconsidered. It is however notable that trade-offs are required to choose among additional scans for capturing occluded features and making assumptions about their as-built condition. This necessitates novel and domain-specific methods for quantifying the occluded portion of components.
Schedule time and location of scans: It is notable that capturing multiple scans without planning of the scan locations, times and the items to be scanned can increase the data capturing cost compared to traditional one-time scanning approaches. Moreover, vast amount of redundant data may be captured due to repeated scanning of some unchanged items. Having a dynamic list of objects to be scanned that is updated each time based on construction schedule, site visit, information requirement, and occlusions (See Figure 1) is a way of minimizing the additional costs, time and redundancy. 4D simulation of the construction progress can help in identifying feasible time-frames and locations and enhance the performance of the proposed approach.
Integration of different information sources: Vision sensors are sufficient for capturing geometry, spatial, texture and RGB information of the components. However, as-built BIMs require more information items such as type of Air Handling Unit and type of sensors. Therefore, other information sources should also be used for the development of a complete as-built BIM. In this study, 2D design drawings, design specifications, and manufacturer specifications for different products were also used. It is notable that, in this study, where there were conflicts among scanned/imaged data and the drawings/specifications, information obtained from the captured data was used. Moreover, in order to achieve a complete BIM, available data and drawings were used as sources for extraction of required information rather than components themselves.
DISCUSSION AND CONCLUSION
This paper presents a case study of using a laser scanner and a digital camera to capture a progressive history of as-built conditions of a renovation project. The proposed progressive planning and data capturing approach supports development of a complete as-built BIM by; (1) keeping track of the occluded components to either scan them in subsequent scans, or to quantify and evaluate the portions that could not be captured; and (2) utilization of other available data, such as drawings, for extracting the required information, when incompleteness is inevitable.
Formalization of this process will enhance its efficiency and the quality of the outcomes. This will be even more important for large projects, with long construction periods, and large number of components. The next step of this study will be formalizing of the whole approach, automation of the process for tracking and quantifying occluded parts, estimating impacts of uncaptured parts on the quality of the BIM.
